We have investigated nitrogen incorporation mechanisms in dilute nitride GaAsN alloys grown by plasma-assisted molecular-beam epitaxy. A comparison of nuclear reaction analysis and Rutherford backscattering spectrometry in channeling and nonchanneling conditions reveals significant composition-dependent incorporation of N into nonsubstitutional sites, presumably as either N -N or N -As split interstitials. Furthermore, we identify the ͑2 ϫ 1͒ reconstruction as the surface structure which leads to the highest substitutional N incorporation, likely due to the high number of group V sites per unit area available for N -As surface exchange. For many III-V-N alloys, the band-gap energy is reduced as the nitrogen composition increases.
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1-3 For example, for ϳ1% N added to GaAs, the band gap is reduced by ϳ200 meV. 2 The resulting dilute nitride semiconductors are promising for a wide range of applications including longwavelength light-emitters, high-performance electronic devices, and high efficiency solar cells. For GaAsN alloys, the electron mobility and optical emission intensity decrease as the nitrogen incorporation increases. [4] [5] [6] However, conflicting results have been reported regarding the mechanism of N incorporation in GaAsN, [7] [8] [9] [10] [11] and the relationship between the mechanism of N incorporation and the GaAsN surface reconstruction has not been reported.
Ahlgren et al. 7 observed a nearly constant interstitial N concentration of 2 ϫ 10 19 cm −3 for 100 nm thick films with total N concentrations ranging from 1.8 to 9.7ϫ 10 20 cm −3 . Bisognin et al. 8 reported N contamination of 2 ϫ 10 14 cm −2 on the surface of a series of 150 nm thick GaAsN films with total N concentrations ranging from 3.8 to 10ϫ 10 20 cm −3 . They reasoned that the apparent interstitial N measured by Ahlgren et al. was likely caused by a similar N surface contamination, which would be consistent with the firstprinciples total-energy calculations prediction of an interstitial N concentration of ϳ1 ϫ 10 14 cm −3 . 9 On the other hand, Spruytte et al. 10 reported a much larger interstitial N concentration of 1.5ϫ 10 20 cm −3 for one 200 nm sample with total N concentration of 7 ϫ 10 20 cm −3 , likely not entirely accounted for by N surface contamination. The potential artifact of N surface contamination may be further minimized for even thicker films. To date, Alt et al. 11 have reported an interstitial concentration of ϳ6 ϫ 10 18 cm −3 in one 350 nm thick GaAsN film with total N concentration of 1.3 ϫ 10 20 cm −3 . We report significant composition-dependent interstitial N incorporation in 500 nm thick GaAsN films with total N concentration ranging from 1.5 to 8.5 ϫ 10 20 cm −3 . We identify the ͑2 ϫ 1͒ reconstruction as the surface structure which leads to the highest substitutional N incorporation, likely due to the high number of group V sites per unit area available for N -As exchange.
The GaAs 1−x N x alloy films were grown on epiready ͑001͒ GaAs by molecular-beam epitaxy (MBE), using solid Ga and As 4 or As 2 , and a radio frequency ͑rf͒ plasma source, with ultrahigh purity 10% N 2 / Ar. The N composition in the GaAs 1−x N x layers, x, was adjusted by varying the GaAs growth rate between 0.25 and 1.2 m/h. 10 The surface reconstruction was monitored in situ with reflection highenergy electron diffraction (RHEED). The substrate temperature was monitored using an optical pyrometer, calibrated to the ͑2 ϫ 4͒ -͑3 ϫ 1͒ and ͑3 ϫ 1͒ -͑4 ϫ 2͒ surface reconstruction changes at 500 and 595°C, respectively. 12 GaAs substrates were mounted either on In-bonded or In-free molybdenum blocks. Each sample contained an initial 500 nm GaAs buffer layer grown at 580°C. For some samples, the substrate temperature was lowered to 500°C, and an additional 20 nm layer of GaAs was grown. 13 For other samples, a series of annealing steps was performed at 580 and 530°C with As overpressure, followed by a 370°C anneal without As.
14 Finally, ϳ500 nm thick GaAs 1−x N x layers with x ranging from 0.005 to 0.035 were grown at 400, 550, or 580°C. All the GaAs 1−x N x layers were grown with a high As/ Ga beam-equivalent pressure ratio (Ͼ30 for As 4 and ϳ20 for As 2 ). Some of the samples were subsequently annealed at the GaAsN growth temperature with As overpressure, followed by a 370°C anneal without As. Figure 1 shows the RHEED patterns collected during the growth of the 580°C GaAs buffer layer, and the GaAsN layers at 400, 550, and 580°C. During the growth of the 580°C buffer layer, RHEED reveals a streaky ͑2 ϫ 4͒ pattern, shown in Figs. 1(a) and 1(b). For the GaAsN layers grown at 400°C, the intensity of the center streak of the ͑2ϫ͒ pattern is reduced, and a streaky ͑2 ϫ 1͒ pattern is evident, as shown in Figs. 1(c) and 1(d). For GaAsN layers grown at 550°C, the center streak of the ͑2ϫ͒ pattern transforms to two streaks, and a slightly spotty ͑3 ϫ 1͒ pattern is evident, as shown in Figs. 1(e) and 1(f). Finally, for GaAsN layers grown at 580°C, the RHEED pattern is essentially identical to that shown for the GaAs buffer layer in Figs. 1(a) a)
Author to whom correspondence should be addressed; electronic mail: rsgold@umich.edu and 1(b). These surface reconstructions are consistent with reports of GaAsN growth. [15] [16] [17] The surface morphology of the films was examined ex situ with tapping mode atomic force microscopy (AFM). For GaAsN films grown at 400°C, the rms roughness was 0.3± 0.1 nm, similar to that of the GaAs buffer layer. Meanwhile, for GaAsN films grown in the range of 550-580°C, the rms roughness increased to 1.3± 0.1 nm.
The total N concentration and fraction of N incorporated substitutionally, f, were determined using nuclear reaction analysis (NRA) with the 14 N͑d , ␣ 0 ͒ 12 C and 14 N͑d , ␣ 1 ͒
12
C reactions. We used 1.4 MeV deuterons, which have a penetration depth of ϳ15 m, much greater than the thickness of the GaAsN films. 18 The emitted ␣ 0 and ␣ 1 particles were collected using a detector with a solid angle of 5 msr, at a scattering angle of 150°, for which the scattering cross section is well known. 19 The N concentrations determined using the yields from ␣ 0 and ␣ 1 particles were within 6%, less than the average measurement error. NRA measurements of GaAsN and Rutherford backscattering spectrometry (RBS) measurements of GaAs were performed in both ͓001͔ channeling conditions, and tilted ϳ5°away from the ͓001͔ axis, which we define as a "nonchanneling" condition. Multiple channeling and nonchanneling measurements performed on the same location revealed negligible lattice damage induced by the deuteron beam. To determine f, we assume stoichiometric undoped GaAs reference samples with negligible interstitial concentrations, typical of high temperature grown GaAs. 20 Furthermore, we assume homogeneous random GaAsN alloys, as suggested by prior scanning tunneling microscopy measurements of similar samples. 21 The fraction of N incorporating substitutionally is given by
where min ͑GaAs͒ ͓͑N͔͒ is the ratio of the yield in channeling and nonchanneling conditions for GaAs ͓N͔. For GaAs reference samples grown by MBE, min was 0.057± 0.005, similar to earlier reports. 7 The ͑N͒ values ranged from 0.14± 0.03 to 0.52± 0.05 for a variety of GaAsN films. 20 cm −3 , we observe interstitial concentrations similar to Ahlgren et al. 7 and Alt et al. 11 However, for total N concentrations above 4 ϫ 10 20 cm −3 , we observe significantly greater interstitial concentrations than Ahlgren et al. 7 Instead, we observe interstitial N concentrations similar to Spruytte et al. 10 Since our films are 500 nm thick, N surface contamination of 2 ϫ 10 14 cm −2 would lead to 4 ϫ 10 18 cm −3 interstitial N concentration, less than 33% of our lowest interstitial N concentration. Thus, we expect that our significant interstitial N concentrations cannot be accounted for by N surface contamination. Interestingly, for GaAsN grown at 550 and 580°C, with the ͑3 ϫ 1͒ and ͑2 ϫ 4͒ reconstructions, respectively, we observe substantially higher fractions of interstitial N than for GaAsN grown at 400°C, with the ͑2 ϫ 1͒ reconstruction. Since the ͑2 ϫ 1͒ reconstructed surface has significantly more group V sites per unit area than the ͑3 ϫ 1͒ or ͑2 ϫ 4͒ surfaces, [22] [23] [24] N atoms may more effectively incorporate substitutionally via N -As exchange. 25 This change in the mechanism of N incorporation for high temperature GaAsN growth may contribute to the increase in surface roughness discussed earlier. A similar trend has been reported for nonsubstitutional C incorporation in SiGeC alloys. 26 The interstitial concentrations shown in Fig. 2 indicate the number of N atoms in interstitial sites per unit volume, which may not be equivalent to the number of N interstitial defects per unit volume. Both calculations 9 and experiments 27 have suggested that the dominant form of interstitial N is either the N -As split interstitial, NAs split , or the N -N split interstitial, NN split , shown in Fig. 3 . Our channeling measurements do not distinguish these forms of inter- stitial N. If NAs split is dominant in GaAsN, the interstitial concentration would be equal to the concentration of N atoms in interstitial sites in Fig. 2 . Alternatively, if NN split is dominant in GaAsN, the interstitial concentration would be equal to half the concentration of N atoms in interstitial sites in Fig. 2 . Deep level transient Fourier spectroscopy (DLTFS) measurements have suggested that NN split and NAs split are the dominant defects for GaAs 1−x N x with x Ͻ 0.1% and x = 0.5%, respectively. 27 In order to determine the dominant defect for higher N compositions, further DLTFS experiments are needed.
In summary, we have investigated nitrogen incorporation mechanisms in GaAs 1−x N x films using a combination of in situ RHEED and ex situ AFM, NRA, and RBS. A comparison of NRA and RBS in channeling and nonchanneling conditions reveals significant composition-dependent nonsubstitutional N, which cannot be accounted for by N surface contamination. Furthermore, growth of GaAsN films at 400°C, with a ͑2 ϫ 1͒ surface reconstruction, leads to the highest substitutional incorporation of N. This is likely due to the higher number of group V sites per unit area available on the ͑2 ϫ 1͒ reconstructed surface in comparison with the ͑3 ϫ 1͒ and ͑2 ϫ 4͒ reconstructed surfaces. 
